Gibbsitic bauxite from Australia was leached by hydrochloric acid in this work. Analysis on kinetics for the extraction of Al 2 O 3 was quantitatively studied. It was concluded that the hydrochloric acid leaching process of gibbsitic bauxite was controlled by chemical reaction. Moreover, the mechanism for the dissolution followed the equation, ln = 39.44 − 1.66 × 10 4 (1/ ), with an apparent activation energy of 137.90 kJ/mol, according to the equation of = − / . This work aims to provide a good theory support for the process control by using a new method of alumina production from the low grade bauxite.
Introduction
It is well known that the Bayer process is the main method to extract alumina from the bauxite in the world [1] [2] [3] [4] [5] [6] [7] [8] [9] . However, Bayer process is only suitable for the treatment of high grade bauxite ore. With the development of alumina production capacity, the resources of high quality bauxite are decreasing year by year [10, 11] . If alumina is produced from the mineral which has a ratio of Al 2 O 3 /SiO 2 in the range of 2 by Bayer process, the dissolution rate of alumina is only 50%.
Alumina is produced using the low grade bauxite and nontraditional bauxite resources, which has attracted wide attention from industry and academic fields. Based on the previous results reported by the authors, the double cycling method has been successfully applied to produce alumina from the low grade bauxite [12, 13] . Firstly, the bauxite is extracted by hydrochloric acid solution. Thereafter, the iron ion and aluminum ion in the leached solution are separated by the liquid-liquid extraction route. Finally, the aluminum chloride solution is directly pyrolysised to prepare alumina product. Hydrogen chloride gas which is vapored in the pyrolysis process is achieved to cycle.
In previous studies [12, 13] , the thermodynamic analysis and the effects of several parameters, such as temperature, leaching time, stirring speed of the impeller, and concentration of acidic solution, have been studied. However, the kinetic mechanism of the bauxite dissolution in the acidic solution has not been found in the previous reports. In this case, the present work quantitatively investigates the kinetic mechanism of the leaching process of bauxite in the hydrochloric acid solution. This work aims to give a good theory support for the process control of a new method of alumina production from the low grade bauxite. X-ray diffraction (XRD) technique was used to identify the phases in the raw bauxite and the slag after leaching. The results are shown in Figure 1 . According to the analysis results as shown in Table 1 and Figure 1 , it can be seen that the main phase of bauxite is gibbsite. Besides, the goethite, quartz, and anatase phases are also included in the raw bauxite. This raw material is considered to be with a low aluminum content of 38.51% and with a low ratio of aluminum to silicon and a high iron content. And LOI does not contain materials which are easy to react with acid. Finally it is recognized that this raw material is a typical low grade gibbsite which is difficult to deal with the normal methods. If alumina is dissoluted using Bayer process, iron minerals will enter the residue of the red mud which can not be directly effectively used [8] . However, the present double cycle method can achieve the recycling of iron and aluminum at the same time. In addition, this raw bauxite is a kind of material which is suitable for investigating the kinetics of the acid leaching of bauxite. And major chemical reactions that can occur during production of alumina are shown as follows:
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The high pressure vessel with the inner lining material of zirconium which is called KCFD2-10 type was used to study the leaching process of bauxite in hydrochloric acid solution with adding volume of 150 mL each time. The inductively coupled plasma optical emission spectrometry (ICP-OES) instrument with a Prodigy XP type (Le Mans, USA) was used to detect the concentrations of aluminum ion and threevalent iron ion in the leaching solution after acid leaching process. The detailed information of the experiments could be found in previous studies [12, 13] .
Results and Discussions
The effect of leaching time on the kinetic study of the extraction of Al 2 O 3 and Fe 2 O 3 using the hydrochloric acid solution is shown in Table 2 . The relationship curve between the function of = 1 − (1 − ) 1/3 and the time is plotted in Figure 2 .
Moreover, the linear fitted results according to the experimental data are also shown in Figure 2 . Here, the leaching temperature is fixed to be 80 ∘ C. Based on the results in Figure 2 , it is found that that the linear correlation coefficient of equals a value of 0.98803, which shows a better fitting with the chemical reaction kinetics equation.
According to the Vantv differential method [14] , the relationship between the isothermal reaction rate and the Advances in Materials Science and Engineering 3 concentration of hydrogen ion is represented as the following equation:
whereas is type of response, V is reaction rate of hydrogen ion, and is hydrogen ion concentration. Thereafter, (3) is calculated on both sides of the logarithm, as shown in
According to the above equations, the effect of leaching time on the kinetics of the gibbsite dissolution in the acidic solution could be obtained by the experiment data. Thereafter, the related kinetic parameters can be obtained.
Firstly, the concentration of hydrogen ion at a certain time is determined, as shown in the following equation: 
whereas the volume of the concentrated hydrochloric acid used in the experiment is 40.5 mL and the density of concentrated hydrochloric acid is 1.1837 g/mL. The molar mass of concentrated hydrochloric acid is 36.5 g/mol. And the mass fraction of concentrated hydrochloric acid is 37%. The adding amount of raw bauxite mineral is 10.5 gw. The content of aluminum hydroxide in the bauxite mineral is 58.59%. The molar mass of aluminum hydroxide is 78 g/mol. The fraction of alumina extracted at a moment is marked as . The content of iron oxide in the ore is 19.26%. The molar mass of iron oxide is 160 g/mol. The fraction of Fe 2 O 3 extracted at a moment is marked as . Finally, the approximate volume of the solution is 0.15 L. Based on the above data, the concentration of hydrogen ion in the solution at a certain time is shown in Table 3 . Moreover, the relationship between the concentration of hydrogen ion at 80 ∘ C and the time is shown in Figure 3 . At the point where the hydrogen ion concentration is corresponding to 3.04, 2.80, 2.62, and 2.36 mol/L, four oblique lines are drawn according to these data. The slopes of the four tangent lines are determined, and the reaction rates of the hydrogen ion concentration with four concentration values are summarized in Table 4 .
Thereafter, the fitted curve based on relationship between lg V and lg is shown in Figure 4 . According to the experimental data, the linear correlation coefficient of is calculated with the value of 0.99362.
From Figure 4 , the slope of the line is calculated with a value of 3.97, and the reaction order is 3.97 under this condition. In addition, the vertical coordinate value of the intersection between the line and lg = 0 is calculated with the value of −3.28. Therefore, according to (6) , the reaction rate of is calculated with the value of 0.00053 min −1 :
Based on the relationship between the concentration of hydrogen ion and the time at 90 ∘ C, the fitted curve is shown in Figure 5 .
At the point where the hydrogen ion concentration is corresponding to 3.10, 2.66, 2.43, and 2.21 mol/L, four oblique lines are drawn. The slopes of the four tangent lines are determined. By using these data, the reaction rates of the hydrogen ion concentration with four concentration values are shown in Table 5 .
The relationship line between lg V and lg is shown in Figure 6 , and the linear correlation coefficient of is calculated with the value of 0.99368.
The slope of the line is 3.10; hence the reaction order is 3.10. In addition the vertical coordinate value of the intersection between the line and lg = 0 is calculated with the value of −2.71. Thereafter, the reaction rate is calculated with the value of 0.0019 min −1 , according to the following:
Moreover, (8) has been applied for the calculation:
The apparent activation energy of is calculated with the value of 137.90 kJ/mol, according to the following equation:
Thereafter, the former factor could be calculated with the value of 1.35 × 10 17 . Finally, the apparent activation energy of the dissolution process of gibbsite in hydrochloric acid solution is calculated to be 137.90 kJ/mol. This result is under the condition of the closed system with its former factor 1.35 × 10
17 . The kinetic equation of the gibbsite dissolution is shown in the following: ln = 39.44 − 1.66 × 10 4 1 .
Reddy et al. also studied kinetics of leaching of a gibbsitic bauxite with hydrochloric acid. But analyses on the leaching of iron oxide from bauxite by hydrochloric acid were mainly investigated. The activation energy was with average value of about 81.0 kJ/mol [15] .
Conclusions
This work presents a double cycling method, which is a new route to better control the extraction alumina in the 
